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Noise Project Areas NET

* Noise temperature NOI Se sources

* Noise parameters of 2-ports (amplifiers &
transistors)

Why Noise Parameters?

Signal detection, S/N
Bandwidth
Power requirements
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|. Background

Noise Temperature

» For passive device, at physical temperature T, with
small 4f,
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« smallf: <P,.;>= kgl 4 [1—hyl(2kgT)]
=~ kgT Af
» What about active devices? Can we define anoise
temperature?

e Severa different definitionsin use.

* Most sensible (i.e., our) choiceis
noise temp = available spectral noise-power density
divided by Boltzmann’s constant.

* Itisthe common choicein international comparisons
and elsewhere.

It is much more convenient for amplifier noise
considerations (at least for careful ones)
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Noise Figure

Ivin = i +1
‘ Now = GNi + Nap N and S are spectral power densities,

Sin ‘ Sout:GSm N = kBT
° (S/N)in _ Si” (GNM + Namp) _ Oul‘putNoise
(SIN),, GS, N, G X InputNoise

* Noise Figure= (Noise out)/(Noise out due to Noise
in), evaluated for 7,, = T, =290 K. (N,, = kzT))
* Interms of noise temperatures, let N, = GkpT,.

Then
_ Gk, T, + Gk, T, _ (1, @/

Gk, T, T,

NF
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Note regarding noise-temperature definition: NESE

Nout = lem +N

amp

If N=kT, then N, = kT,, , etc.,and T, = GT,, + GT,

in?! out in

hf

But if we use the “equivalent physical temperature” definition, then N, = pi]
e in

and similarly for the others, and so hf lzG( hf + hf j

hf 1kT, hf kT, hf KT,
e.f ot __ ef 1 e1f c 1

Solving for T, , we would get

-1 -1
h 1 1 ;
Tuul = ]{‘{l n|:1+ G( (ehf/“;” _1) * (ehf/kTU B l)] :l}

Simple-Case Measurement, all 77’ s equal NS
T, G N, =Gky(T,+T,)
T, G Nowe = Ghg(T. + T,)
Combine & solve:
B h ¢ h ¢

T T —YT
NF:1+7€:1+;1 1TC
o -0
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Noise Parameters, | EEE Representation

* Equivalent circuit:

Noisy _ .i Noiseless
Amp - Q Amp

* (Noise out)/(Noisein) depends on impedance of input
termination, NF = NF(Zs) or NF(I5), & T,=T,(Zsor
r, 2

I, -r

opt
‘- |rf)

r,-rf
0-|rf)

4R
NF = NF,,, +—*
Zo 1+1,,

e~ “Temin

+1
‘1 + I—Z)pt

4 parameters. T

e,min !

t=4R,TyZ,, and complex 7, .

) ) NIST
M easuring Noise Parameters NESE

* Many different methods, most based on IEEE
parameterization.

» Basicideaof (almost) all methodsisto

— present amplifier (or device) with avariety of different
input terminations (I"& 7),

— have an equation for the “output” in terms of the noise
parameters and known quantities
(I's, T's, S-parameters),

— determine noise parameters by afit to the measured
output.

— Need good distrib. of 77’ sin complex plane.
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e “Qutput” can be

— Noisefigure
T,,T.
Source
— Power
T, —e DUT
Many T, Y
alatT,,

— Note: output 7; matching, available power, etc.

|1. Wave Representation & NST
Noise Matrix
Noise Matrix

* Linear 2-port:

(bl]:(sll SlzJ(alj_l_[[;lJ
b, Sn Spl\a, 5

» Noise matrix: N..=<b.b*.>
y )

| |
| |
| |
1 2

2x2 hermitian matrix,
4 parameters

~ ~ ~k
or intrinsic noise matrix: Nl-j :<b,-bj>




Noise Parameters NET

 Output noise temperature 7,

2
kyT, = [Sai [N+ N+ N, + Ny, |
_‘ GS‘
b, & & b
& | &~ | — (1_‘1_6‘2)
i ‘ i Ng = 2 kpTs
G i ‘ S i ‘1_ FcSn‘
I I
I 1
2
! 2 1 FG <‘I;\1‘2>
1-7,8,

o= 2Re T (615,
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« Sofor 7, we have

2 2
17| 2 Xl+\1—FGS1;\ X, 2 2
(1_‘FG‘ ) (1_‘FG‘ ) (1_‘FG‘ )

Re[(l_ FGSll)*FGXH]

where "k, X, = <‘[;1‘2>v kyX, = <‘[;2 /S21‘2>1 kg Xy, = <l;1([;2 /S21)*>
Noise Parameters

o Compareto |EEE parameterization

2




» General relationships:

X's— |EEE

1= X, L+ Syf X, - 2Re[(1+ Sy) Xlz] .

B Xo=|ly 2[)(1""511‘2)(2 _ZRE(SI].XH)]

Te,min - 2
(u\r,,,,,\ j
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|IEEE — X's

2
t‘l_ Slll_;)pl
+ N

2

X,=T QSH\Z—1)

— Le,min

X2 = T;,min
1+ 1,
4
T ='2’[1— /1—’72] ,
I =8,
2 . Xp= SllTe.min _01”(7112%) .
n= X2(1+‘S11‘ )+X1_2R3(511X12). ‘l+ I,
(X2S117X12)
nb.X,=T7,,
X0
M easurement NIST
N

* Noise-matrix approach to measuring noise

parameters:

+
Many T,

alatT, Ta *
v -Irf)
‘SZl‘Z ’ ‘1_FGS11‘2 o
kpT, = l—‘F ‘2 [NG+N1+N2+N12] r 2
G~11
I.S5,.S N, =k, X
Io—§. 4 tcPwla 2 = Kgds
@ 2t (1_ FGS11)

Note: easy to linearize for fit.




NIST

(N = T={=
 Supplemental measurement, 7.,
DUT 4
“Matched”
Load, T,
2 2
— l [ ] NG :Ml{ETMM
kyli =7 Ng + Ny + N, + Ny, - TS,
i)
N, =k, X,
! I.S.,S )
Thg =Sy + —2F B S8l s
A-1;S,,) N, = 1i213(iS:2 kX,
NS .
-2R 12920l 6 X
le e{(l_rcszz)kg 12}
NIST
(N = T={=

[1l. Measurements

Method

Hot
and/or
cold

T,

out,i

1 2

Tout: Tout(E’ TI 7Sij '

Measure for severa (1 hot + 7 ambient) terminations

and fit for X;, X,, X;, , and G,, G,= 1S2§22

Xl’ XZ’ XlZ)




Terminations & Switching NSSE

* Tuner possible, but ...

» Basic set of terminations:

1 hot source (~1200 K), matched

7 ambient-temperature terminations,
1 matched, othersreflective.

12GHz
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» Developing automated unit (VTU)
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» Have boxed amplifiersfor circulation in comparisons
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M easurement Results
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TABLEI
MEASURED VALUES OF THE NOISE PARAMETERS FOR THE AMPLIFIER ALONE.
8 GHz 9 GHz 10 GHz 11 GHz 12 GHz
X1(K) 645+5.9 67.7+55 68.6+ 5.8 70.4+6.0 80.3+7.0
Xo(K) 110.0+ 84 1157+ 7.8 1176+ 8.2 1246+ 8.4 1344+ 10.7
ReX1,(K) 94+15 -7.2+12 82+12 -10.2+1.0 143+ 15
ImX;,(K) 20.2+1.3 -14.3+1.4 10.7+15 -14.3+1.6 18.9+28
Go 2031+ 32 2047 + 30 1987 + 30 2121+ 33 1649 + 31
T,in(K) 112.6+ 84 112.2+7.8 115.1+8.2 1234+ 84 133.4+ 10.6
t(K) 128.3+ 2.6 234.2+ 3.8 145.8+ 3.0 2239+ 3.9 209.8+ 4.5
Rel,, -0.172+0.004 | 0.130+0.004 | -0.115+0.005 | 0.077+0.005 | -0.006 + 0.004
Im/7, 0.101+0.008 | -0.046+.0.009 | -0.003+0.008 | -0.004 +0.008 | -0.069 + 0.008

Max(z?/DOF) = 0.32

N.b.: in dB,
Gy~33dB +0.07 dB
NF ~ 1.40 dB + 0.09 dB

Uncertainties are standard uncertainties (10).
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Checks & Verification, test NEEE

rey.

» So what makes us think that we might know what we're
doing?

» Have implemented two tests, 7,,, test and isolator test.

o T test: Measure noisetemp from input of amplifier,

rev

when output is terminated in a matched load.

Matched
Loaj‘ T, amb i

rev

 Can show that for 7;5,,S;, small,
Xl

12
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» So measure 7,,,, compare to value predicted from
the value of X; from the noise-parameter
determination. (Usefull expressionfor 7', , not

approximation.)

* If working in terms of |EEE parameters, convert
to X" sto compute 7,,, & compare to measured
value

2

f-S8,I ;
71rev = Te,minQS11|2 _1)+ ‘ = OPZZ (1_ |1_;l|2) 1
i+,
|solator” Test
« Connect isolator : . | :
to amplifier input —— |
& measure noise C -
parameters of combination. g

X,s
* X parameters can be written in terms of X
parameters (amp alone) and the S-parameters of

amp and isolator.

» Using Bosma' s theorem and standard S-parameter
algebra, can show

N.b. Bosma's Theorem: Passive device = <1;5,> =kT(1-SS' ),-,

13
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2

e e a),
1-5,S,
4n {(1_ s o ) 225 ] (o - sj}
4,=2R (1:%51;;2) (LS5 +S5SL, )} ,
X, = | 112 {\1— SuSh| X, +[s5[ X, +2 RelsL (1 5,5L) X, )+ T,(l— sz - \Sz’l\zj},
n
_SHl-SuSp) LSSy

e S2[1 (1_ S11S212) 2 S2[1 (1_ Sllszlz)Xl B T[AB'

_|(SnSh+SESy ) ShSy (_ e '2]
A3_|:( Szli Séi(l—SlISZIZ) 1 ‘SZZ‘ ‘Szl‘ )

NIST
NS
» Approximate expressions.
Xl’lev
e (o focfsy)
; ;  (xenfi-)
L— X, = — :
; X, S ‘ S
\ _/
~
X,s

7 N

X, issmall and (approximately) independent of amplifier;
excellent verification test.

(Could also do with an attenuator in place of the isolator—useful for on wafer.)

14



T,a(K)

Results of Tests:;

=
o
t=

©
al

©
o

0
a

@
o

~
3

~
o

o2}
a

@
o

o
a

Tyey Test

X X X Measured T,
O O O Predicted T,

NIST

NOoKSE

rev

rev

~

©

10 11 12 13

f(GH2)

Error bars are standard uncertainties (15).

X/'(K)

280

111

Isolator Test, .X;'

X
X

X Measured X;'

o Predicted X,
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10 11 12 13
f(GHz)

Error bars are standard uncertainties (15).
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200 —
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Error bars are standard uncertainties (15).
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10 —

. Isolator Test, ImX,,'
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Error bars are standard uncertainties (16).
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Uncertainties

* TypeA (statistical): obtained in the fitting process,
u (i) = /Cov,

* Type B (other): from Monte Carlo program

» Standard (combined):

_ [ 2 2
u, =\u,;tug

17
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* Uncertainties in |EEE parameters:
u,(IEEE) = |V, (IEEE)
5
V,(IEEE)= Y DDV, (X's)
i =1
aTmin E)Tmin aTmin aTmin
X, dX, OJReX,, dImX,
ot ot ot ot
X, dX, OJReX,, dImX,
D=|oRel,, . 0
X,
Jimr,,
— . 0
X,
0 0 0 0 1
NIST
NOoKSE

» Monte Carlo for type-B uncertainties:

— input uncertainties in reflection coefficients, noise
temperature of non-ambient source, ambient
temperature, measurement of output noise temperature
(or power), correlations, ...

— generate ssimulated measurement values for everything;
analyzeffit asif it were real data; do it again (and again
and again and ...): simulate, analyze, repeat.

— u, () = Var() + (Ve — 7)°

18
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» Some general approximate features:

— Uncertsin G and T,;,, (& F,,;,) ae dominated by uncert
in7,. 0.1dB uncertin 7, — ~ 0.1 dB uncertin G, and
F .

min*
— Uncertsin 7, are dominated by uncertsin 77;'s.
UncertinReor Im 7", ,is~ 3 or 4x uncertin Reor Im

I ; (for 13 terminations).

— tissengitive to just about everything.

- T, 1Snot amajor factor, because it is known much
better than 7,. Note, however, that it could affect 7, or
the amplifier properties.

» Have also used simulation to compare
uncertainties for different measurement strategies.

V. On-Wafer Noise Parameters N2

» Working with IBM & RFMD
» Complications on wafer:

— characterizing & correcting for probes

— loss through probes — can't get too close to |/] = 1 for input
terminations

» Device properties problematic:

— poorly matched: |Sy4|, [Sxl, |£;,| > 0.5 =possible power transfer
problems; non-physical results more common

— |S128,; | not very small — |7;| > 1in some cases 1>

— very low noise, 7, ~10-30 K o2

— not necessarily stable

19
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Two most commonly violated bounds are

2
Xl = Te.minqsll‘z _1)+ tll:g;il—;}: 2 0
opt
T _ Xz(l_ ‘Slll—:)pl 2)_‘17;,7: 2[X1 -2 Re(Silez)] >0
e,min (1+ ‘1_;!” 2) =

Have done simulations to see how often one obtains
unphysical results

Results depend on everything, of course, but

representative results are:
Input Uncertainties (correlated & uncorrelated) b’@lgg
Less Good
Good

I'(<0.5), cor .0021 .003

I"(<0.5), uncor .0021 .0021

I'(>0.5), cor .0035 .004

I"(>0.5), uncor .0035 .0035

S,,, Cor .007 .007

S,,, uncor .007 .007

Connector repeatability .001 .001

T, pienss COF 05K 05K

T, piens UNCOT 0.0 05K

T(not near ambient), cor 0.7% 1.0%

T(not near ambient), uncor 0.7% 0.7 %

Percent unphysical results

Good Uncerts Less Good

Devicel 0.9% 1.4%

Device 2 9.4 % 11.5%

20
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In Progress with IBM & RFMD NeISe

» Measure S-parameters & noise parameters of MOSFETSs
with 0.13 um gate length; inter-compare.

» Evaluate our uncertainties, and theirs (?).

* |ncorporate measurement of 7., on wafer.

» Apply checks on wafer:

— compare (attenuator + transistor) to (transistor)
— noise parameters of mismatched attenuator

-T

rev

V. Next R8st

 Continue on-wafer work with IBM & RFMD

o Amplifier noise-parameter comparison with NPL

» Measurements on cryogenic amplifier with THz Project
» Considerable amount of datato analyze, document

» Automate measurements & data handling

 Improve measurements—cold input source, better choice
of input terminations, ...

* Round-robin with industry?
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